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Low-energy neutrinos are clean messengers from supernovae explosions and probably carry unique
insights into the process of stellar evolution. We estimate the expected number of events considering
coherent elastic scattering of neutrinos off silicon nuclei, as would happen in Charge Coupled Devices
(CCD) detectors. The number of expected events, integrated over a window of about 18 s, is ∼ 4
if we assume 10 kg of silicon and a supernovae 1 kpc away. For a a distance similar to the red
supergiant Betelgeuse, the number of expected events increases to ∼ 30 − 120, depending on the
supernovae model. We argue that silicon detectors can be effective for supernovae neutrinos, and
might possibly distinguish between models for certain target masses and distances.
I. INTRODUCTION
Low-energy neutrinos play an important role in super-
novae (SN) explosions and are responsible for carrying
away most of the energy of the collapse [1–4]. It also af-
fects mechanisms of cooling of proto neutron stars, and
their future detection might bring insight into the pro-
cess of formation and evolution of compact stars [5, 6].
Moreover, (anti-)neutrino signals could, in principle, also
carry unique information on the possible phase transition
from hadronic to quark matter if it occurs in the early
post-bounce phase of a core-collapse supernovae [7–12].
So far, however, there has been only one detection
of supernovae neutrinos, in the event of Supernova
SN1987a. At that time, the detection capabilities of the
available detectors were orders of magnitude inferior than
today, and e.g. the time sequence of the events was, un-
fortunately, statistically not significant [13, 14], thereby
precluding more detailed information on the phases of
the proto neutron star.
Through the course of its life, previous to its final
stages, the hydrostatic equilibrium of a star is maintained
by the counterbalance of two opposite forces, gravity and
the force generated from thermal pressure of fuel burning
[15]. If the star is massive enough, the burning proceeds
to heavier elements, forming a onion shell structure in-
side the star. For stars heavier than ∼ 8 M, the gravi-
tational force is strong enough to trigger neutronization,
i.e. the process in which a proton captures an electron re-
leasing a neutron and an electron neutrino via the inverse
beta decay
p+ e− → n+ νe . (1)
Since neutrinos interact very weakly with matter, they
quickly escape from the star, creating a pressure gradient
that leads to the instability and collapse with a giant
supernova explosion.
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The neutrinos emitted from the supernova carry away
almost 99% of the star binding energy. Their energy
range lies between 0 and 50 MeV, the same energy
expected to be found in a coherent elastic scattering.
Therefore, one could, in principle, detect supernova neu-
trinos using coherent elastic neutrino-nucleus scattering.
Furthermore, supernovae are the most powerful
sources of MeV neutrinos in the Universe, which come
in all flavors and are emitted over a timescale of sev-
eral tens of seconds. Therefore, since the coherent elastic
neutrino-nucleus scattering is a neutral current process,
it can be used for detecting all three neutrino and an-
tineutrino flavors.
In this paper, we estimate the expected number of su-
pernovae neutrino (SNν) events considering a coherent
elastic neutrino-nucleus scattering (CEνNS) between a
neutrino and a silicon nucleus. Silicon has been gaining
prominence in particle physics due to the increasing use
of CCDs (Charge Coupled Devices) in experiments such
as CONNIE (Coherent Neutrino Nucleus Interaction Ex-
periment), DAMIC (Dark Matter in CCDs) and SENSEI
(Sub-Electron-Noise Skipper-CCD Experimental Instru-
ment). The calculated number of expected SNν events,
integrated over a window of about 18 s, is in the order
of 4 events considering 10 kg of silicon mass and a SN
located 1 kpc away. For a SN at a distance similar to the
red supergiant Betelgeuse (196 pc away), and considering
10 kg of detector mass, the number of expected events in-
creases to ∼ 30− 120 depending on the SN model. Such
results confirm that silicon detectors can be effectively
employed as SNν detectors and even distinguish between
SN models for certain target masses and SN distances.
The paper is organized as follows. In Section II we
summarize the well-know results for the cross section for
the coherent elastic neutrino-nucleus scattering within
the Standard Model to lowest order. In Section III we
present the SN model simulations we used to extract the
neutrino emission spectra. In Section IV we present and
discuss our results for the neutrino event rate that would
be obtained in a silicon detector under the conditions
mentioned above. Finally, in Section V we present our
outlook and final comments.
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FIG. 1. Total cross section of the coherent interaction be-
tween a neutrino and a silicon nucleus.
II. COHERENT ELASTIC
NEUTRINO-NUCLEUS CROSS SECTION
Predicted for the first time in 1974 by D. Z. Freedman
[16], and recently measured by the COHERENT collabo-
ration [17, 18], the coherent elastic neutrino-nucleus scat-
tering (CEνN) is a neutral current interaction in which a
neutrino of any flavor scatters off a nucleus transferring
some energy in the form of nuclear recoil.
The cross section of this process, considering a nucleus
at rest with spin zero, Z protons and N neutrons, and
neglecting radiative corrections, is well defined within the
standard model and can be written as
dσ
dEnr
=
G2F
8pi
Q2W [ 2−
2Enr
Eν
+
(
Enr
Eν
)2
− MEnr
E2ν
]
M |F (q)|2 , (2)
where GF is the Fermi coupling constant, Enr is the nu-
clear recoil energy, Eν is the neutrino energy, M is the
target mass, F (q) is the nuclear form factor and
QW = N − (1− 4 sin2 θW )Z (3)
is the weak nuclear charge, with θW being the weak
mixing angle. For the typical (low) energies of CEνNS,
sin2θW ≈ 0.23 [19].
The nuclear form factor can be taken from Ref. [20],
yielding
F (q) =
4piρ0
Aq3
(sin qR− qR cos qR) 1
a+ (aq)2
, (4)
where A is the atomic mass of the nucleus, a = 0.7
fm is the range of the considered Yukawa potential,
R = r0A
1/3 is the nuclear radius and ρ0 = 3/(4pir
3
0)
is the nuclear density. The average radius of a proton in
a nucleus, r0, is equal to 1.3 fm.
Figure 1 shows the total cross section σT of the coher-
ent scattering of neutrinos off silicon nuclei as a function
νe
νe
νx (= νμ = νμ = ντ = ντ)
����� ����� ����� � ��
�
���×����
���×����
���×����
���×����
���×����
���×����
���×����
time [sec]
L ν
[erg/
se
c]
Nakazato weakest
Neutronization 
burst
Accretion
Cooling
FIG. 2. Time profile of the neutrino luminosity considering
the Nakazato simulations with Mp = 30 M, Z = 0.02 and
trev = 200 ms. The green peak signals the neutronization
burst of electron neutrinos.
of the neutrino energy. σT is calculated by integrating
Eq. (1) over all possible values of the nuclear recoil en-
ergy starting from the energy threshold Eth of the detec-
tor. In the figure, we illustrate the behavior of the total
cross section by showing results for two cases: no thresh-
old and the threshold from the CONNIE (COherent Neu-
trino Nucleus Interaction Experiment) experiment [21]
(see below for further discussion).
III. SUPERNOVA MODEL
In order to estimate the expected number of SNν
events that would be observed using coherent elastic scat-
tering in CCDs, one of the most important ingredients is
the SN neutrino spectrum. This information can only
be obtained through SN numerical simulations. In this
work, we focus on the results from two different SN sim-
ulations.
The first one, by Nakazato et al. [22], uses one-
dimensional simulations of neutrino-radiation hydrody-
namics (νRHD) for the early phase of the collapse
and quasi-static evolutionary calculations of protoneu-
tron star cooling (PNSC) with neutrino diffusion for the
late phase. The neutrino energy-spectra integrated from
the core collapse to about 20 s is available in a pub-
lic database [23]. The light curves and spectra of SN
neutrino were calculated considering three different pa-
rameters: initial mass of the progenitor star Mp, galaxy
metallicities Z and shock revival times trev (for details,
see Ref. [22]).
In what follows, we consider three different Nakazato
scenarios: Nakazato weakest (Mp = 20 M, Z = 0.02,
trev = 200 ms), Nakazato brightest (Mp = 30 M,
Z = 0.02, trev = 300 ms) and Nakazato black hole
(Mp = 30 M, Z = 0.004). The nomenclature and
specific configurations that were adopted here are the
same ones used in the paper by the XMASS Collabo-
3ration [24], where the authors calculated the number of
supernova neutrino events that would be recorded in the
XMASS experiment through the coherent scattering on
xenon nuclei.
Figure 2 shows the time evolution of the neutrino lu-
minosity during the collapse for the Nakazato weakest
model. The peak of electron neutrinos that appears just
after the bounce (t = 0) marks the neutronization burst.
This burst is caused by the propagation of the shock wave
through the core, which dissociates nuclei into free nucle-
ons that quickly undergo the electron capture reaction,
Eq. (1), producing a huge quantity of electron neutrinos.
The νe burst is followed by an accretion phase, where
all flavors of neutrinos are produced via thermal (νx) and
charged current (νe and ν¯e) processes. In this stage νe
and ν¯e luminosities are dominant due to their large emis-
sion by electron and positron capture.
However, the mass accretion eventually stops and the
proto-neutron star enters the Kelvin-Helmholtz cooling
phase. Now, the only source of neutrino emission is by
diffusive transport from the dense and hot core. Hence,
the luminosities from the different neutrino flavors be-
come very similar, and gradually decrease while the star
releases its remaining gravitational binding energy (for
reviews on supernova neutrino emission, see [2, 6, 25]).
The second SN simulation considered in our study
is the Livermore model from Totani et al. [26]. This
model is a one-dimensional numerical simulation based
on SN1987A and performed from the onset of the collapse
to 18 s after the core bounce. The progenitor is a main-
sequence star of about 20M. Figure 3 shows the com-
parison of the supernova neutrino energy spectra from
both models, Livermore and Nakazato weakest. From the
figure, one can see that the Livermore model predicts a
greater emission of higher energy neutrinos. A common
feature of all simulations is that the neutrino mean ener-
gies obey the same hierarchy 〈Eνe〉 < 〈Eν¯e〉 < 〈Eνx〉 over
the course of the supernova stages, where νx represents
other flavor contributions, i.e. νx = (νµ+ ν¯µ+ντ + ν¯τ )/4.
For references on other SNν simulations, see Ref. [1].
IV. EVENT RATE AND DISCUSSION
The differential event rate of supernova neutrinos as a
function of the nuclear recoil energy Enr can be calcu-
lated from the differential cross section (dσ/dEnr)(Eν)
of the coherent scattering as (see e.g. [24]):
dR0
dEnr
=
MdetNA
A(4pid2)
∑
i=νe,ν¯e,νx
∫ ∞
Emin
dσ
dEnr
fi(Eν)dEν , (5)
where Mdet is the detector mass, d is the supernova dis-
tance, NA is Avogadros number, A is the averaged atomic
mass of silicon, fi(Eν) is the neutrino energy spectrum
and Emin = (Enr +
√
E2nr + 2MEnr) is the minimal en-
ergy that the SN neutrino must have to produce a nuclear
recoil with energy Enr.
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FIG. 3. Total number of emitted neutrinos, integrated to
about 18 s after the core bounce, as a function of the neutrino
energy. The colors indicate different neutrino flavors, where
νx = (νµ+ν¯µ+ντ+ν¯τ )/4. Solid lines represents the Livermore
SN model [26] and dashed lines the Nakazato weakest model
[22].
Due to the fact that the energy deposition in CEνNS
is very low (nuclear recoil energies are in the keV range
[27]), it is experimentally very difficult to detect this in-
teraction, being a measurement that requires very sensi-
tive and low-noise detectors. One possibility are Charge
Coupled Devices (CCDs), silicon sensors with low energy
threshold that have been recently gaining prominence in
neutrino and dark matter direct detection experiments
[28–30].
Let us consider one particularly illustrative example of
experiment that employs CCDs as solid-state detectors,
so that we can extract typical values for some observ-
ables: the CONNIE experiment [21]. Located 30 m from
the core of the Angra 2 nuclear power plant in the state
of Rio de Janeiro, Brazil, the experiment has as its main
goal the detection of the coherent elastic scattering be-
tween a neutrino and the silicon nuclei. The experiment
initially passed through an engineering run, discussed in
[31], until mid 2016, when an upgrade was performed.
The array of low-noise fully depleted scientific CCDs was
developed by the LBNL Micro Systems Labs with specific
modifications that provide a better efficiency in particle
physics detection. The thickness of the CCDs was in-
creased to 675µm to amplify the active mass region of
interaction, and the sensors are fully depleted with the
help of the high-resistivity (10kΩ−m) silicon wafers.
For a realistic event rate calculation, one must take
into account the reconstruction efficiency (Enr) of the
events registered in the CCDs:
dR
dEnr
= (Enr)× dR0
dEnr(Enr)
. (6)
For the CONNIE processing tools, (Enr) has been eval-
uated in [21] using simulated events, being fitted by
(Enr) = b− [1 + eb0(Enr−b1)]−1 , (7)
where b = 0.845, b0 = 42.66 and b1 = 0.067.
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FIG. 4. Energy spectrum as a function of the silicon nuclear
recoil energy calculated from Eq. (5) for the Nakazato weakest
SN model (Mp = 20 M, Z = 0.02, trev = 200 ms). The SN
distance was set to 10 kpc in the upper panel and to 196 pc
in the lower panel. In both plots the detector mass is equal
to 1 kg. The solid black curve shows the contribution of all
neutrino and antineutrino flavors. The dashed black curve is
the same as the solid but considering the processing efficiency
of CONNIE, according to Eq. (6). The green, blue and red
lines show the differential event rate, but considering only νe,
ν¯e and νx(= νµ = ν¯µ = ντ = ν¯τ ), respectively.
The upper panel of Figure 4 shows the results of the
differential event rate as a function of the recoil energy
for a supernova located 10 kpc away considering the
Nakazato weakest model and 1 kilogram of silicon de-
tector mass with CONNIE efficiency. The distance of 10
kpc corresponds approximately to the distance between
the Earth and the center of the galaxy. The lower panel
of Figure 4 shows the same, but considering a SN at a
distance of 196 pc, which corresponds to the distance
to the red supergiant Betelgeuse. From the figure, it
can be seen that νe contributes mostly to the event rate,
whereas ν¯e and νx have very similar outputs. However,
when considering the contribution from all muonic and
tauonic neutrinos, i.e. four times the νx curve, one can
Supernova Model
Mdet[kg] d[pc] Livermore
Nakazato
(weakest)
Nakazato
(brightest)
Nakazato
(black hole)
1 103 0.004 0.001 0.002 0.004
1 196 11.64 3.38 6.19 10.14
10 103 0.045 0.013 0.024 0.039
10 196 116.38 33.75 61.85 101.39
30 103 0.13 0.04 0.07 0.12
30 196 349.14 101.25 185.56 304.16
TABLE I. Number of observable supernova neutrino events,
Nobs, for three different values of silicon detector mass Mdet,
two supernova distances d and considering four different SN
models.
see that their signal is greater than the joined signal from
νe and ν¯e.
The total number of observable SN neutrino events
of all flavors Nobs can be obtained by integrating the
realistic differential event rate over all values of nuclear
recoil energies:
Nobs =
∫
dR
dEnr
dEnr . (8)
Table I summarizes the results for the number of ob-
servable events, Nobs, obtained with the four different
SN models employed in this paper and considering differ-
ent configurations of detector mass, Mdet, and supernova
distance, d. The CONNIE processing efficiency was also
used. Due to the fact that νx(= νµ = ν¯µ = ντ = ν¯τ ), in
the calculation of Nobs the number of observable νe and
ν¯e events was summed with four times the number of νx
events.
The results presented in Table I illustrate the amount
of silicon one needs, combined with how close to the
Earth the SN must occur, so that an effective detection
of supernova neutrinos using silicon technology is attain-
able. Considering, for example, a CCD detector array
with 10 kg of silicon active mass, for a detection of tens
of events the supernova must occur at most 2 kpc away
from the Earth, taking into account the Livermore model.
For the Nakazato weakest model, this distance must be
less than 1 kpc. The results are, of course, model de-
pendent, but the numbers displayed in Table I set the
ballpark.
One can compare our results of Table I with the ones of
the number of observable SN neutrino events coherently
scattered off xenon nuclei in the XMASS experiment [24].
The XMASS experiment is a 832 kg liquid xenon dark
matter scintillator detector located at the Kamioka Ob-
servatory, in the Kamioka mine, 1000 m underneath the
top of Mt. Ikenoyama [32]. The light produced in the
noble liquid due to scintillation is detected with the help
of 642 photomultiplier tubes inside a copper vessel sur-
rounded by a 10 m diameter and 11 m high cylinder filled
with ultra pure water.
The XMASS collaboration reported that, for a galactic
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FIG. 5. Energy spectrum as a function of the silicon nuclear
recoil energy considering different neutrino energy intervals.
The curves show the contribution from all neutrino flavors
to the event rate in that particular interval of Eν and the
efficiency was also taken into account. The solid black curve
is the same from the dashed one in the lower plot of Figure 4.
SN located 10 kpc away from the Earth, the number of
SN neutrinos observable events would range between 3
and 21, depending on the SN model. For a SN located
at the same distance as Betelgeuse, they estimated that
Nobs ∼ 104. Comparing the XMASS results with the
results presented here, it is clear that the difference in the
number of events for, say, 1 kg of mass is in the order of
103. Of course, this balance was already expected mainly
due to the fact that the XMASS experiment has 832 kg of
xenon mass, while current experiments employing CCDs
still do not have much active mass. Furthermore, the
cross section of CEνNS with xenon nuclei is higher than
with silicon, since the differential cross section of CEνNS,
Eq. (2), is enhanced with the number of neutrons in the
target nuclei.
On the other hand, the benefit of CCDs compared to
noble liquids is that a CCD detector array is sensitive
to a . 1 keV threshold. Therefore, silicon can be used
for detection of low energy SN neutrinos while the no-
ble liquid is mostly sensitive to neutrinos above 15 MeV.
This fact is endorsed by Figure 5, that shows the con-
tribution to the event rate of different neutrino energy
intervals, considering all neutrino flavors and the CON-
NIE efficiency. The most relevant contribution comes
from neutrinos with energies up to 15 MeV. Thus, silicon
detectors are sensitive exactly in this low-energy regime
in which other types of detectors lack efficiency.
Besides, whereas water Cherenkov detectors and liq-
uid scintillator detector experiments are primarily sen-
sitive to ν¯e via the inverse beta decay (IBD) reaction,
silicon detectors are sensitive to all flavors of neutrinos.
Therefore, the latter can complement the information
that would be recorded by present-day experiments, such
as SuperKamiokande (SuperK) [33], IceCube [34], Borex-
ino [35] and Baksan [36], or future experiments, such as
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FIG. 6. Contour plot of the number of observable super-
nova neutrino events, Nobs, for the Livermore model when
the detector mass Mdet is extrapolated to very large values.
JUNO [37] and LENA [38].
Finally, we can compute the number of observable SN
neutrino events, Nobs, coherently scattered off silicon nu-
clei considering a wide range of values for the detector
mass and supernova distance. The results are displayed
in a contour plot in Figure 6. In this case, the range of
observable events shoots up to 104 events, considering a
very close SN and a very large detector mass. Of course,
this amount of Mdet is still far beyond the current ca-
pabilities for CCD production, but we can not discard a
great technological progress in the near future.
V. OUTLOOK
In the present work the number of observable super-
nova neutrino events detected via coherent scattering off
silicon nuclei was estimated considering different mass
values, SN distances and SN models.
In the current scenario, the available experiments that
employ silicon for the purpose of particle detection,
mainly with the use of CCD sensors, do not have enough
active mass for detection of neutrinos coming from SN
further than 1 kpc yet. However, there is the perspective
of an upgrade to 10 kg of silicon mass in a CONNIE-like
experiment within the next 10 years. In addition, a new
technology of CCD sensors, named Skipper CCDs, was
recently developed by Tiffenberg et al. [39]. These im-
proved CCDs are designed with a non-destructive read-
out system that allows for an ultra-low readout noise of
0.068 e− rms/pixel, so that they have the capability of
recording precisely the number of electrons in each pixel,
increasing the sensitivity and allowing for the detection
of low-energy neutrinos more effectively.
6As mentioned before, there are other experiments that
use scientific CCDs for the purpose of particle detection,
such as DAMIC [30] and SENSEI [28, 29]. Both of them
aim at the direct detection of dark matter through the
coherent scattering of WIMPs off silicon nuclei. The
midterm perspectives for silicon detector technology in
Latin America is to build a new reactor neutrino exper-
iment close to a nuclear power plant site with skipper
CCDs.
In summary, with the currently available detectors, the
detection of SN neutrinos coming from distances of the
order of kpc is very unlikely and would have to wait for fu-
ture upgrades to increase the active mass of the available
CCD arrays and improvements in their technology with
the arrival of skipper CCDs. For a supernova located
at a distance similar to that of Betelgeuse, the results
of Table I show that, with the detector mass available
in current experiments, it would be possible to detect
a considerable amount of SN neutrinos. This detection
could provide crucial information on the dynamics of the
supernova explosion mechanism, as well as bring insight
into the process of formation and evolution of compact
stars.
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